Introduction
============

Lignocellulosic biomass, one of the most abundant feedstock to be used in bioprocesses, consists of three main components: cellulose (35--50% dry weight), hemicellulose (20--35% of dry weight) and lignin (10--25% of dry weight). Cellulose is a linear polymer of glucose units linked by β-1.4-glucosidic bonds. Unlike cellulose, hemicellulose is a heterogeneous polymer primarily constituted of pentoses (xylose, arabinose), hexoses (mannose, glucose, galactose) and sugar acids, with D-xylose as the major sugar after hydrolysis ([@B27]).

Annually, about 570 × 10^6^ tons of sugar cane are harvested in Brazil ([@B08]) and sugar mills generate approximately 270--280 kg of bagasse (50% moisture) per metric ton of sugarcane ([@B35]). Although this by-product produced in the sugar and ethanol industry has been currently used as a fuel for the generation of steam and electricity ([@B26]), a surplus of this bagasse has a potential for the conversion to biofuels and chemicals in biorefinery. However, its use requires a treatment of bagasse fibers in order to extract fermentable sugars.

Hydrolysis is required for the conversion of the lignocellulosic polysaccharides into fermentable sugars ([@B05]). At this moment, the most frequently employed hydrolysis technology is the one which utilizes diluted sulphuric acid due to its low cost ([@B30]). The liquid phase from the hydrolysis reaction - containing xylose and other hemicellulosic monosaccharides as well as other compounds derived from lignin - can then be utilized in bioconversion ([@B13]).

According to [@B16], the conversion of xylose into value-added chemicals such as xylitol, ethanol, and lactic acid, is attractive to the fermentation industry. In particular, the biotechnological obtainment of xylitol and ethanol has been studied during the last decade because xylitol can be used as a functional sweetener ([@B09]) and ethanol is a clean biofuel derived from a renewable source, which is an alternative to the ever reducing fossil fuels ([@B06]).

It is known that xylose metabolism can result in the production of xylitol and ethanol depending on the microorganism used in the process. *Candida guilliermondii* was described as a very effective xylitol producer ([@B10]; [@B32]), since it has the capacity to synthesize two key enzymes in the xylose metabolism: NADPH-dependent xylose reductase and NAD^+^-dependent xylitol dehydrogenase. The former reduces xylose to xylitol and the latter oxidizes xylitol to xylulose and both are induced by xylose ([@B25], [@B29]).

In ethanol production, among the xylose-fermenting yeasts, *Scheffersomyces (Pichia) stipitis* has been considered likely to turn out well for industrial applications due to its ability to ferment xylose with a high ethanol yield. Besides, *P. stipitis* has no absolute vitamin requirements for xylose fermentation and is able to ferment a wide range of sugars ([@B01]).

Specifically regarding the use of lignocellulosic hydrolysates in bioprocesses, such as fermentation of pentoses, an adequate nitrogen supplementation is very important to cell growth, and since hemicellulosic hydrolysates contain, in addition to sugars, other constituents such as phenolic compounds and metallic ions, which exert an inhibitory effect on enzymatic activities affecting the fermentative performance ([@B37], [@B23],), an adequate nutrient supplementation of the medium could reduce or avoid these negative effects.

However, there are conflicting data in literature about the best nutrient to supplement lignocellulosic hydrolysates to be used as fermentation medium. When hydrolysates are employed as a fermentative medium, inorganic and organic sources of nitrogen are typically used such as ammonium sulfate and peptone or malt extract and yeast extract, respectively ([@B31], [@B28]). Other authors have reported the use of yeast extract and urea ([@B11]). An alternative nitrogen source is the rice bran a residue of rice milling which contains amino acids, vitamins, proteins and minerals ([@B19]). According to [@B34] and [@B07], sugarcane bagasse hydrolysate supplemented with rice bran extract improved microbial growth and xylitol production by *C. guilliermondii*.

The purpose of this study was to establish a new fermentation medium employing sugarcane bagasse hydrolysate supplemented with nitrogen sources, including rice bran extract to improve the fermentative performance of *C. guilliermondii* and *S. stipitis*.

Materials and Methods
=====================

Microorganisms and inoculum preparation
---------------------------------------

The experiments were performed with *C. guilliermondii* FTI 20037 and *Scheffersomyces (Pichia) stipitis* NRRL Y-7124 (reclassification described by [@B14]) maintained at 4 °C on malt-extract agar slants. A loopful of cells grown on a malt-extract agar slant was transferred to the medium used for inoculum preparation containing xylose (30.0 g/L), rice bran extract (20.0 g/L), (NH~4~)~2~SO~4~ (2.0 g/L) and CaCl~2~.2H~2~O (0.1 g/L). Erlenmeyer flasks (125 mL), containing 50 mL medium each, were incubated on a rotary shaker (200 rpm) at 30 °C for 24 h. Afterwards, the cells were separated by centrifugation (2000 × *g*; 20 min), rinsed twice with distilled water, and then the cell pellet was once again suspended in an adequate volume of distilled water. The initial cell concentration for all experiments was around 1.0 g/L.

Preparation of the bagasse hydrolysate
--------------------------------------

Sugarcane bagasse was hydrolyzed in a 350 L steel reactor at 121 °C for 20 min with H~2~SO~4~ at 1:10 solid/liquid ratio (100 mg of H~2~SO~4~ per gram of dry matter). The hydrolysate was first filtered and concentrated at 70 °C under vacuum to obtain a threefold increase in the xylose content. Afterwards, the hydrolysate was submitted to detoxification procedure in order to reduce toxic compounds concentration. It was submitted to a pH adjustment treatment, initially to 7.0 with CaO (commercial grade) and then to 2.5 with H~3~PO~4~, followed by the addition of 1.0% (w/v) activated charcoal (refined powder), for 30 min under agitation (100 rpm, 60 °C). The precipitate formed as a result of this treatment was removed by vacuum filtration ([@B18]), and then the hydrolysate was autoclaved at 110 °C, under 0.5 atm, in order to be used as the fermentation medium.

Preparation of the rice bran extract
------------------------------------

The solution of rice bran extract was prepared by mixing 200 g of rice bran with 1.0 L distilled H~2~O, autoclaved at 110 °C (0.5 atm), for 15 min. Afterwards, the solids were separated by centrifugation (2000 × *g*; 20 min).

Medium and fermentation conditions
----------------------------------

For fermentation medium preparation, concentrated and treated sugarcane bagasse hemicellulosic hydrolysate (45.0 g/L of xylose, 1.0 g/L of glucose; 3.5 g/L of arabinose, 2.5 g/L of acetic acid, 0.0037 g/L of furfural and 0.69 g/L of total phenolic compounds) was supplemented with different nitrogen sources: H1: 20.0 g/L of rice bran extract, 2.0 g/L of (NH~4~)~2~SO~4~ and 0.1 g/L of CaCl~2~.2H~2~O; H2: 5.0 g/L of peptone and 3.0 g/L of yeast extract; H3: 2.0 g/L of (NH~4~)~2~SO~4~, 5.0 g/L of peptone, 3.0 g/L of yeast extract and 0.1 g/L of CaCl~2~.2H~2~O. Control experiment employing non-supplemented hydrolysate (H4) was also performed. The fermentative performance was evaluated in 125 mL Erlenmeyer flasks containing 50 mL of medium fermentation with initial pH adjusted to 5.5 (optimum pH for *C. guilliermondii* and *P. stipitis*), at 200 rpm, 30 °C for 72 h. Experiments were carried out in duplicate.

Analytical methods
------------------

Xylose, glucose, arabinose, xylitol, ethanol, glycerol and acetic acid concentrations were determined by HPLC (Waters, Milford, MA) with a refraction index detector on a Bio-Rad Aminex HPX-87H at 45 °C, with 0.01 N H~2~SO~4~ as the eluent at 0.6 mL min^−1^ flow rate. A Hewlett-Packard RP 18 column at 25 °C with acetonitrile: water (1:8) and 1% acetic acid as the eluent, and a 0.8 mL/min flow rate was employed for the determination of furfural and hydroxymethylfurfural concentrations in a visible ultraviolet-light detector (SPD-10^A^ UV-VIS). The total phenolic compounds concentration was estimated by ultraviolet spectroscopy at 280 nm ([@B36]). Cell growth was monitored by measuring absorbance at 600 nm (Beckman-DU 640B spectrophotometer). Cell concentration was calculated based on the relation of optical density and cell dry weight through a calibration curve.

Results and Discussion
======================

Sugar consumption and cell growth
---------------------------------

The influence of different nitrogen sources added in sugarcane bagasse hemicellulosic hydrolysate (H1: (NH~4~)~2~SO~4~ and rice bran extract; H2: peptone and yeast extract; H3: (NH~4~)~2~SO~4~, peptone and yeast extract; H4: non-supplemented) on xylose consumption and biomass formation by *S. stipitis* and *C. guilliermondii* during fermentations are shown in [Figure 1](#f01){ref-type="fig"}.
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When *S. stipitis* was grown in the presence of peptone and yeast extract (H2 and H3), total xylose consumption was observed corresponding to an improvement of 45% in comparison with hydrolysate without supplementation (H4). In H1 xylose consumption was around 90%. Differently, for *C. guilliermondii* the maximum xylose consumption (99%) was observed in hydrolysate supplemented with (NH~4~)~2~SO~4~ and rice bran extract (H1), indicating that rice bran extract contributes as a nitrogen source, since it contains amino acids, vitamins, proteins and minerals ([@B19], [@B07]).

Regardless of the nitrogen source employed, glucose was 100% consumed within 24 h of fermentation for both yeasts. Unlike glucose consumption, the nitrogen source employed did not have any appreciable effect on arabinose assimilation, independently of the yeasts. The assimilation of this sugar (less than 50%) was slow (data not shown). Low arabinose consumption was also reported by other authors using *P. stipitis* ([@B04]) and *C. guilliermondii* ([@B33]) yeasts grown in sugarcane bagasse hemicellulosic hydrolysate supplemented with calcium chloride, ammonium sulfate and rice bran extract.

The cell growth of *S. stipitis* was around 24--45% higher than the one observed for *C. guilliermondii*, regardless of the condition evaluated ([Figure 1](#f01){ref-type="fig"}). Coincidentally, the utilization of peptone and yeast extract (H2) favored cell growth for both yeasts. Furthermore, for *S. sitipitis*, this same condition (H2) resulted in maximum xylose consumption as well ([Figure 1](#f01){ref-type="fig"}). The results obtained confirm the importance of nitrogen supplementation in the media, since cell growth in the condition without supplementation (H4) was smaller than the one observed to other fermentations evaluated for both yeasts.

The utilization of acetic acid (over 70%) was also verified simultaneously with sugars by *C. guilliermondii* and *S. stipitis*, independently of the nitrogen source employed in sugarcane hemicellulosic bagasse hydrolysate, which was accomplished by raising medium pH ([Figure 2](#f02){ref-type="fig"}). It is possible that acetic acid has been used to cell growth while xylose would be utilized to xylitol or ethanol formation in *C. guilliermondii* and *S. stipitis*, respectively. Acetic acid assimilation by the same yeasts grown in sugarcane bagasse hemicellulosic hydrolysate was also reported by other authors ([@B15], [@B33], [@B04]).
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Ethanol and xylitol production
------------------------------

The effects of nitrogen sources on ethanol and xylitol production by *S. stipitis* and *C. guilliermondii* grown in sugarcane bagasse hemicellulosic hydrolysate are respectively presented in [Figure 3](#f03){ref-type="fig"}.
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Important increase in fermentation efficiency was achieved by supplementation of the medium with nitrogen source, since fermentations employing hydrolysate without nitrogen supplementation led to the lowest products formation, coinciding with the lowest xylose uptake and the lowest cell growth ([Figure 1](#f01){ref-type="fig"}). Probably the absence of nitrogen content in this medium (H4) resulted in cellular stress, although no morphological alteration was observed for both yeasts. According to [@B17], nitrogen limitation is one of the most common causes for slow fermentation.

For *S. stipitis*, maximum ethanol production (15.59 g/L) was observed when hydrolysate was supplemented with (NH~4~)~2~SO~4~, peptone and yeast extract (H3), corresponding to three-fold higher than that observed to hydrolysate non-supplemented. H3 condition was also resulted in the maximum values of Y~P/S~ (0.46 g/g) and Q~P~ (0.29 g/L.h) obtained after 48 h of fermentation, corresponding to a xylose to ethanol efficiency conversion of 92%. These results indicate that combination of inorganic ((NH~4~)~2~SO~4~) and organic (peptone and yeast extract) nitrogen sources improved both xylose consumption and ethanol production and this can be associated to the fact that yeast extract contains vitamins such as biotin, pyridoxine and folic acid that are not present in the rice bran extract ([@B19]). Such results are in accordance with those reported by [@B02], who affirmed that ammonium salts increased the ethanol productivity in *P. stipitis* cultivated in synthetic medium.

It is important to mention that by-products were not formed during all fermentations employing *S. stipitis*. This is a good characteristic of this yeast intended for industrial applications as it ferments xylose rapidly with a high ethanol yield and apparently produces no by-products. According to [@B12], not only all sugars on hydrolysate must be taken up and metabolized by the fermenting organism but they must rather be converted into ethanol with minimal by-product formation.

For *C. guilliermondii*, the best nitrogen source to improve xylose to xylitol bioconversion was the combination of (NH~4~)~2~SO~4~ and rice bran extract (H1) ([Figure 3](#f03){ref-type="fig"}). This condition resulted in maximum values of Y~P/S~ (0.83 g/g) and Q~P~ (0.56 g/L.h), observed after 48 h of fermentation, corresponding to xylose to xylitol conversion efficiency of 90.5%. It was 98% higher than the efficiency conversion observed for fermentation of hydrolysate without supplementation (H4) and coincides with the one observed to xylose consumption. Differently, [@B20] reported that when this same yeast was cultivated in brewer's spent grain hydrolysate, the supplementation of hydrolysate with nutrients (calcium chloride, ammonium sulfate and rice bran extract) did not interfere in xylose-to-xylitol conversion because xylitol production in this work did not require addition of nutrients to the medium, possibly due to differences in hydrolysate characteristics.

The formation of ethanol and glycerol by-products was also observed during *C. guilliermondii* growth, regardless of the evaluated conditions. The maximum ethanol concentration (3.77 g/L) was observed using hydrolysate supplemented with peptone and yeast extract (H2) and the maximum concentration of glycerol (0.85 g/L) was observed in the hydrolysate supplemented with (NH~4~)~2~SO~4~ and rice bran extract (H1). Ethanol and glycerol formation as by-products during fermentation sugarcane bagasse hemicellulosic hydrolysate by *C. guilliermondii* also was observed by other authors ([@B24], [@B31]). According to [@B21], glycerol can play an important role in NAD^+^ regeneration, which is necessary to maintain redox balance as well as to prevent the interruption of glycolysis. Thus, glycerol and ethanol formation by *C. guiilliermondii* may have been favorable to xylose-xylitol bioconversion because NAD^+^ regeneration avoided NADH accumulation ([@B03]).

The fermentative performance of *S. stipitis* and *C. guilliermondii* grown in sugarcane bagasse hemicellulosic hydrolysate was dependent on the nitrogen source employed in the medium. An inorganic nitrogen source ((NH~4~)~2~SO~4~) was required for both yeasts. However, regarding the organic nitrogen source, different requirements were observed between the yeasts evaluated. (NH~4~)~2~SO~4~ associated with yeast extract and peptone improved xylose to ethanol bioconversion by *S. stipitis,* resulting in the maximum xylose consumption and ethanol formation and no by-products were detected. For *C. guilliermondii,* the higher xylose consumption and xylitol formation were observed when hydrolysate was supplemented with (NH~4~)~2~SO~4~ associated with rice bran extract which supplied the requirements of amino acids and vitamins. Furthermore, both yeasts were able to partially detoxify fermentation medium, since acetic acid consumption was observed. The relevance of this study is the formulation of a simple and inexpensive culture media mainly by employing rice bran extract, an agro-industrial residue. Furthermore, the results presented here are already being usefull in the development of other researches related to use of C5 fraction from lignocellulosic materials for production of bioproducts.
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